Trophoblastic cells play a crucial role in implantation and placentogenesis and can be used as a model to provide substantial information on the peri-implantation period. Unfortunately, there are few cell lines for this purpose in cattle because of the difficulty of raising successive cell stocks in the long-term. Our results show that the combination of a monolayer culture system in microdrops on a surface treated with gelatin and the employment of conditioned media from mouse embryonic fibroblasts support the growth of bovine trophoblastic cells lines from an embryo biopsy. Expression profiles of mononucleate-and binucleate-specific genes in established trophoblastic cells lines represented various stages of gestation. Moreover, the ability to expand trophoblastic cell lines for more than 2 yr together with pluripotency-related gene expression patterns revealed certain self-renewal capacity. In summary, we have developed a system to expand in vitro trophoblastic cells from an embryo biopsy that solves the limitations of using amplified DNA from a small number of cells for bovine embryo genotyping and epigenotyping and, on the other hand, facilitates the establishment of trophoblastic cell lines that can be useful as peri-implantation in vitro models.
INTRODUCTION
The application of new technologies for genotyping bovine embryos using last-generation high-density marker chips or complete genome sequencing represents an alternative to reducing the generational interval and to limiting the high cost of producing large number of offspring and progeny testing in multicharacter genetic selection programs (for a comprehensive review, see [1] ). Although these genetic analyses have been successfully performed on embryo biopsies, their main limitation is the reduced number of cells obtained and therefore the limited amount of genomic DNA as starting material [2] . Preimplantation embryo development is a crucial period in which epigenetic marks are established and persist throughout posterior life. It has been described that epigenetic alterations occasionally occur in embryos produced by assisted reproductive technologies [3] , and the identification of early markers of these alterations would avoid posterior epigenetic syndromes or diseases in the animals and would improve livestock efficiency. However, embryo genotyping and epigenotyping present the same critical limitations: reduced sample amount and embryo destruction. To overcome these problems, we aimed at developing an efficient system of in vitro trophoblastic cell culture from an embryo biopsy that would enable the production of a good quality genomic DNA without preamplification.
In cattle, a mononuclear trophoblastic cell (MNC) may differentiate into a binuclear cell (BNC), which then fuses with an endometrial epithelial cell to form a trinucleated cell [4] . In ruminants, the trophectoderm (TE)-derived factor, interferontau (IFNT), produced by MNC, is responsible for sustaining the pregnant state by restricting the pulsatile release of prostaglandin F2a from the endometrial epithelium and thereby stimulating the maintenance of the corpus luteum during pregnancy [5, 6] . IFNT also controls the expression of several uterine-derived factors that prepare the uterus for placental attachment, modify the uterine immune system, and regulate early conceptus development [7] . Therefore, insufficient production of IFNT or the absence of maternal recognition of this signal leads to pregnancy failures in cattle [8] . Moreover, BNCs produce placental lactogen (CSH2), prolactin-related protein (PRP), and pregnancy-associated glycoproteins (PAGs), among other genes required for placental development [9] . Therefore, trophoblastic cells play a crucial role in implantation and placentogenesis, and further analyses would be necessary to understand molecular mechanisms by which trophoblastic-specific genes are regulated.
However, the physiology of trophoblastic cells has remained unclear because of lack of definitive information on cell lineages. Talbot et al. [10] derived for the first time two trophoblastic cell lines from the culture of 7-8 days in vitroproduced blastocysts (CT-1 and CT-5), using culture dishes containing STO feeder cells. However, the coculture with mouse feeder cells has the detrimental risk of contaminating the bovine trophoblastic cells, while separation of both cell lines would involve an additional effort. Later, Shimada et al. [11] reported the establishment of a bovine trophoblastic cell line derived from in vitro matured and fertilized blastocyst (BT-1) in the absence of feeder cells, using bovine endometrial fibroblast-conditioned medium, but attaining very low derivation efficiency. Since then, a large number of studies regarding TE signaling and differentiation have been performed with only two trophoblastic cell lines: BT-1 [4, 12, 13] and CT-1 [14] [15] [16] [17] [18] . In addition, cotyledonary trophoblastic cell lines have been derived from placental stages [19] [20] [21] . A larger number of trophoblastic cell lines suitable for in vitro studies would be helpful for future studies.
The aim of the present study was to establish an adequate in vitro culture system to support the growth of bovine trophoblastic cells from an embryo biopsy using different cell sources of conditioned media, eliminating the risk of contamination with feeder cells. This in vitro culture system facilitates the establishment of trophoblastic cell lines, which can be expanded for more than 2 yr and can be useful to study implantation and placentogenesis processes. Moreover, this approach could also be employed to produce a relatively large amount of good quality genomic DNA for bovine embryo genotyping and epigenotyping.
MATERIALS AND METHODS

In Vitro Embryo Production
Unless otherwise stated, all the chemicals were purchased from Sigma Chemical Company. The techniques for in vitro embryo production have been described in detail previously [22] . Briefly, immature cumulus oocyte complexes (COCs) were obtained by aspirating follicles from the ovaries of heifers and cows collected at the slaughterhouse. COCs were matured for 24 h in TCM-199 supplemented with 10% (v/v) fetal calf serum (FCS) (Sigma Aldrich) and 10 ng/ml epidermal growth factor (EGF) (Peprotech) at 38.58C under an atmosphere of 5% CO 2 in air with maximum humidity. For in vitro fertilization (IVF), matured COCs were inseminated with frozen-thawed BoviPure (Nidacon) separated bull sperm at a final concentration of 1 3 10 6 spermatozoa/ml. Gametes were coincubated at 38.58C in an atmosphere of 5% CO 2 and maximum humidity. Semen from the same bull was used for all the experiments. At approximately 20 h postinsemination (p.i.), presumptive zygotes were denuded and cultured in groups of 25 in 25 ll droplets under mineral oil at 38.58C under an atmosphere of 5% CO 2 , 5% O 2 , and 90% N 2 .
The basal medium for all the embryo cultures was synthetic oviduct fluid (SOF) supplemented with 5% FCS. The cleavage rate was recorded at 48 h p.i. and blastocyst development from Days 6 to 10 p.i.
A total number of 9174 in vitro matured and fertilized presumptive zygotes were produced in 23 replicates. Zygotes showed a cleavage rate of 85.4% 6 2.1% and a blastocyst yield of 6.5% 6 1.5%, 26.3% 6 2.2%, 28.9% 6 1.7%, and 30.1% 6 1.7% on Days 6-9 p.i., respectively (mean 6 SEM). The cumulative hatching rate was 1.1% 6 0.4%, 22.0% 6 3.4%, 46.0% 6 3.3%, and 54.0% 6 3.5% on Days 7-10 p.i., respectively.
Biopsy and Embryo Survival Analyses
Good quality Days 8-10 hatched blastocysts were selected under a stereomicroscope based on their morphology according to the criteria of International Embryo Transfer Society Manual [23] and placed in groups of five in M2 medium (M7167; Sigma Aldrich) at 38.58C. Embryo biopsies were performed individually in microdrops of M2. First an incision was made in the plastic surface with a scalpel blade (no. 18) to enable immobilization of the embryo without any bonding substance. Then the embryo was cut at the opposed pole to the inner cell mass (ICM) to avoid its damage (Fig. 1) . Each TE biopsy was washed in corresponding culture medium and transferred for cultivation in a microdrop.
For evaluating embryo survival, biopsied embryos (ICM with the rest of TE cells) were washed in SOF medium supplemented with 5% FCS and 5.56 mM glucose, and cultured in groups of 10-15 in droplets of 25 L of SOF under mineral oil for 24 h at 38.58C, 5% CO 2 , and 5% O 2 .
Microdrop Cultures
Microdrops in Corning 35-mm tissue culture dishes (24 3 10-ll droplets) ( Fig. 1) were coated for 30 min with 5% gelatin. The different media assessed were placed in the droplets under mineral oil and equilibrated for 3 h in the incubator at 38.58C, 5% CO 2 , and saturated humidity. Intact embryos or biopsies were seeded on the microdrops containing the different media. 
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Preparation of Mouse Embryonic Fibroblasts
Mouse embryonic fibroblasts (MEFs) were derived from 12.5-day-old fetuses of Swiss mice [24] . All the animals were kept in an animal house and handled using procedures and protocols approved by the Animal Care and Ethics Committee (Informe CEEA 2009/009) of the Instituto Nacional de Investigación y Tecnología Agraria y Alimentaria (INIA, Madrid, Spain) and conducted in accordance with the European Union Directive and Spanish legislation. The visceral organs and head of the fetuses were removed and the remaining tissue was cut into small pieces. The tissue pieces were incubated in 0.04% (v/v) trypsin-ethylenediaminetetraacetic acid for 15 min with agitation, and subsequently centrifuged at 110 3 g for 2 min. The supernatants, which were diluted in control media consisting of Dulbecco modified Eagle medium plus 4500 mg/L glucose, glutaMAX, and pyruvate (Invitrogen), 2 mM glutamine, 1 mM MEM nonessential amino acids solution, an antibiotic mixture containing 100 units (U)/ml penicillin and 100 mg/ml streptomycin, and supplemented with 10% fetal bovine serum (PAA Laboratories), were centrifuged at 300 3 g for 5 min. The pellets were resuspended in control media for monolayer formation.
Preparation of Bovine Embryonic Fibroblasts
Bovine embryonic fibroblasts (BEFs) were derived from fetal skin collected at approximately 2-3 mo of gestation following the same process described above for MEF isolation.
Preparation of Bovine Oviductal Cells
Ipsilateral oviducts at the midluteal phase of the estrous cycle were collected from slaughtered heifers. Each oviduct was flushed with 10 ml of SOF and 5% FCS. Bovine oviductal cells (BOECs) were centrifuged at 750 3 g for 9 min, and the resulting pellet was washed by centrifugation at 100 3 g for 5 min in 5 ml of the same medium. The final pellet was resuspended in control medium by pipetting. Oviductal cells were counted in a hemocytometer and diluted in the appropriate volume of culture medium to give a final concentration of 1 3 10 6 cells/ml [25] .
Preparation of Conditioned Media
The media from MEFs, BEFs, and BOECs cultures were collected after 72 h of confluent culture, centrifuged at 10 000 3 g for 10 min at 48C, filtered through a 0.22 lm nitrocellulose membrane and stored at À208C until use. These conditioned media were mixed 1:1 with control media. All the media were supplemented with 20 ng/ml of EGF.
Trophoblastic Cell Lines Long-Term Culture
Based on our results indicating that conditioned medium is the most appropriate for trophoblastic cell lines derivation, long-term culture of trophoblastic cell lines was performed in MEF-conditioned medium (Cm) mixed 1:1 with control media, and supplemented with 20 ng/ml EGF. Passage was done by physical dissociation, removing the monolayer of cells from the tissue culture plate by shooting jets of medium onto the monolayer and shearing by repeated pipette aspirations. Trypsin-ethylenediaminetetraacetic acid (0.05%) treatment was found to be deleterious to the cells. Trophoblastic cells lines were routinely plated at a 1:2 dilution from confluent cell culture every 7-10 days.
Cell Count of Biopsies and Biopsied Embryos
Biopsies and biopsied blastocysts were allowed to recover for 3 h after the biopsy in SOF plus 5% FCS and 5.56 mM glucose, and stained with Hoechst 33342 (10 mg/ml in 2.3% [w/v] sodium citrate) for visualization in an epifluorescence microscope.
Mononucleated and Binucleated Cell Counting
For cell count in a monolayer, glass coverslips were coated with 5% gelatin and placed into a tissue culture plate to allow trophoblastic cell attachment and growth. Once the coverslips were covered by a confluent monolayer, cells were washed with PBS and fixed with 4% paraformaldehyde (Panreac) for 1 h. Samples were incubated with 5 lg/ml Hoechst 33342 in PBS for 15 min in the dark and washed with PBS. Then, glass coverslips were removed from the tissue culture plates and mounted with a 1:1 PBS: glycerol solution containing 1 lg/ml Hoechst 33342 onto slides to be visualized in an epifluorescence microscope.
For cell counts in spheroids, they were collected from the supernatant of TE culture dishes, washed with PBS and fixed with 4% paraformaldehyde (Panreac) for 1 h, washed with Tris-buffered saline (0.05 M Tris and 0.15 M sodium chloride, pH 7.6) and permeabilized by incubation with 0.5% Triton X-100 for 5 min. Samples were stained overnight with Alexa Fluor 488 Phalloidin (Invitrogen) and mounted with Prolong (Invitrogen) supplemented with 1 lg/ ml 4 0 ,6-diamidino-2-phenylindole. Images were acquired in a Leica TCS-SP5 confocal laser-scanning unit equipped with Ar and He/Ne laser beams and attached to a Leica DMIRBE inverted epifluorescence microscope (Leica Microsystems) [26] .
Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick End Labeling Assay for Apoptosis
The terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay for apoptotic cell detection was performed using the In Situ Cell Death Detection Kit (Roche) according to the manufacturer's instructions with minor modification [24] . Briefly, three confluent cell plates of each trophoblastic cell line were fixed with 4% paraformaldehyde in PBS for 1 h at room temperature. Then, cells were incubated in permeabilization solution containing 0.1% Triton X-100 in PBS for 15 min at 378C, followed by incubation in TUNEL reaction mixture for 1 h at 378C. Finally, a solution containing 1 lg/ml Hoechst 33342 was added, and the cells were analyzed by fluorescence microscopy. The number of TUNEL-positive cells in four different microscopic fields was counted, and an apoptotic index was determined by calculating the ratio of the TUNEL-positive cells/total cells.
Reverse Transcription-Polymerase Chain Reaction Analysis
Poly(A) RNA was extracted from six different trophoblastic cell lines at different passages using the Dynabeads mRNA Direct Extraction KIT (Dynal Biotech) following the manufacturer's instructions with minor modifications [27] . Immediately after extraction, the reverse transcription (RT) reaction was carried out following the manufacturer's instructions (Epicentre). Briefly, oligodT primer and random primers (Biotools) were added to the samples and heated to 708C for 5 min to denature the secondary RNA structure. Then, the RT mix was completed by the addition of 0.375 mM dNTPs (Biotools), 6.25 U RNAsin RNase inhibitor (Promega), MMLV HP RT 103 reaction buffer, 5 mM dithiothreitol, and 50 U MMLV High Performance Reverse Transcriptase (Epicentre). The tubes were incubated at 428C for 60 min to allow the reverse transcription of RNA, followed by incubation at 708C for 10 min to denature the RT enzyme [28] .
After reverse transcription, PCR amplification was performed by adding a 2-ll aliquot of each sample in a total volume of 25 ll of PCR mix containing 10 lM specific primers, 0.1 mM dNTPs, 2 mM MgCl 2 , 103 buffer, and 1 U Biotools DNA polymerase (Biotools). For PAG1, CSH2, and PRP1 amplification, heminested and nested PCRs were performed by adding a 2-ll aliquot of PCR product in a total volume of 25 ll of PCR mix containing 10 lM specific primers, 0.1 mM dNTPs (Biotools), 2 mM MgCl 2 , 53 GoTaq Flexi Buffer, and 1 U GoTaq DNA Polymerase (Promega). Primer sequences and amplification temperatures are listed in Supplemental Table S1 (all the Supplemental Data is available online at www.biolreprod.org). The PCR products were subjected to electrophoresis in a 2% agarose gel and stained using ethidium bromide.
Trophoblastic Cell Lines Sex Determination
DNA was obtained from trophoblast cell lines by phenol/chloroform extraction, and sex was determined through the bovine X/Y amelogenin polymorphism by PCR. Primer sequences and amplification temperature are listed in Supplemental Table S1 . The PCR products were subjected to electrophoresis in a 2% agarose gel and stained using ethidium bromide. The gel was visualized under ultraviolet light to identify the specific bands. A 280 bp band was observed in female cell lines and 280 bp plus 217 bp bands in male cell lines [29] .
RESULTS
Embryo Adherence and Cell Proliferation
The rapid adhesion of bovine embryos is a critical factor for cell proliferation and survival in vitro. Initial adhesion was improved when cells were placed in a small 10 ll microdrop under mineral oil on previously gelatin-coated tissue culture dishes without the use of a feeder layer. Under these TROPHOBLASTIC CELL LINES FROM BOVINE EMBRYO BIOPSY conditions, over 70% of intact bovine embryos were able to attach, and cell proliferation could be clearly observed as early as 4 days of culture (Table 1) .
To determine the optimal medium for adherence and growth of intact bovine embryos in the absence of feeders, we compared the following media: (i) control medium supplemented with 10% FCS (C); (ii) SOF supplemented with 5% of FCS (S); and three conditioned media mixed 1:1 with control medium, that is, (iii) from MEFs (Cm); (iv) from BEFs (Cb); and (v) from BOECs (Co) (Fig. 1) . All the media used were also supplemented with 20 ng/ml of EGF.
Adherence accompanied by cell proliferation was assessed at Day 4 in a total of 216 Days 8-10 hatched blastocysts. The highest rate of proliferation was obtained in the Cm (100% 6 0.0%) and Co (97.8% 6 2.2%) groups, which were significantly different relative to C (87.0% 6 4.2%), Cb (66.7% 6 3.0%), and S (79.1% 6 3.6%) ( Table 1) .
Those lines that reached cell confluence on Days 7-10 were expanded to 96-well (P96) culture dishes. Cultures were released from the microdrops and transferred to new 96-well culture dishes. The culture media with significantly higher efficiency of proliferation from expansions were Cm (100% 6 0.0%), and Co (81.8% 6 1.6%) ( Table 1) .
Embryo Biopsy and Survival
Our next goal was to isolate trophoblastic cells by biopsy from bovine embryos without affecting the final survival of the remaining embryo. Each TE biopsy was transferred for cultivation in microdrops on gelatin-coated surfaces as described above for full embryos (Fig. 1) . To determine the rate of in vitro embryo survival postbiopsy, TE biopsies were performed in six replicates from a total of 190 grades 1 and 2 Day-8 hatched blastocysts based on the guidelines of the International Embryo Transfer Society [23] , showing a survival rate at 24 h postbiopsy of 82.2% 6 2.6% (mean 6 SEM). Sixteen hours after biopsy, the biopsied blastocysts (which included ICM) reexpanded and recovered their typical morphology (Fig. 2a) . TE biopsies (devoid of ICM) also reexpanded and adopted a round morphology 16 h after the biopsy procedure (Fig. 2b) . 
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From a total of 25 grades 1 and 2 Day-8 hatched blastocysts, produced in six replicates, cell count on biopsies and biopsied embryos showed an average of 72.44 6 3.82 cells (42.37% of total cells), and 98.52 6 3.27 cells (57.63% of total cells), respectively, while the average number of total cells in an intact embryo was 170.96 6 4.59 (mean 6 SEM).
Trophoblastic Cells Adherence and Proliferation
We next evaluated the efficiency attained in our different media conditions of the adhesion and proliferation of trophoblastic cells derived from biopsies cultured on gelatincoated microdrops. A total of 221 TE biopsies from hatched Days 8-10 blastocysts were used. The greatest proliferation was again registered when Cm was used (73.9%) ( Table 1) . We could detect adhesion and proliferation of some biopsies as early as 48 h of culture (Fig. 2c) . Regarding the expansion of biopsy cultures in P96, we observed no differences between C (55.6% 6 5.6%), Cm (48.2% 6 4.3%), and Co (43.8% 6 3.4%) groups; while Cb group presented a significantly lower percentage of expansion (30.0%) and S did not support any expansion of the biopsy (0.0%) ( Table 1) .
Because we may lose the activity of relevant soluble factors by freezing/thawing the conditioned medium, we analyzed proliferation in the presence of fresh Cm-conditioned media, finding no differences between fresh or frozen Cm media at Day 4 when microdrop confluence was reached (71.0% 6 4.9% vs. 77.9% 6 4.1%, respectively) or at Day 10 of culture in P96 (44.8% 6 8.8% vs. 57.6 6 8.3%, respectively).
Ten trophoblastic cells lines were routinely plated at a 1:2 dilution from confluent cell culture every 7-10 days, and three of these lines have been cultured for more than 80 passages over 2 yr maintaining trophoblastic morphology and steady proliferation rate (Fig. 2e) . Thus, trophoblastic cells are apparently capable of an unlimited number of population doublings.
We observed that trophoblastic cell lines in continuous culture showed an accumulation of fluid under the monolayer that elicited the formation of dome-like structure within the colony (Fig. 2d) [11] . Such domes continued to accumulate fluid until discrete vesicles were formed (Fig. 2e) . Subsequently, vesicles spontaneously dissociated from the colony and formed spheroids, which were released to the medium. These spheroids of trophoblastic cells were able to attach within 24 h of being transferred to a new dish, giving rise to new trophoblastic cells outgrowths.
To analyze spheroids, cell-cell boundaries were visualized by phalloidin staining, which labels the cortical actin cytoskeleton (Fig. 3a and Supplemental Video S1). In the three-dimensional optical sectioning of the spheroids, we could clearly observe that cells formed discrete layers of polarized cells. Some spheroids were quite complex in their topology and frequently presented several cell layers (Fig. 3a and Supplemental Video S1). 
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We next assessed whether TE lines recapitulated the ability of producing BNCs by counting MNCs and BNCs in both monolayer cultures and three-dimensional spheroids. In both cultures, the majority of cells of the trophoblastic cell lines were found to be mononucleated, but 2%-9% of cells were found to be BNCs in spheroids and 8%-12% on monolayer cell cultures (Fig. 3b) .
Apoptotic cells were rarely detected in these culture conditions, ranging from 0.45% 6 0.37% to 3.04% 6 1.86% in the different TE lines (Fig. 4) . Only when cell cultures were too confluent, apoptotic cells were detected in the wrinkled edges of the monolayer.
Sex of trophoblast cell lines was determined through the bovine X/Y amelogenin polymorphism by PCR [29] . A 280 bp band was observed in female cell lines (BBT7, BBT9, BBT10, and BBT12), and 280 bp plus 217 bp bands in male cell lines (BBT1 and BBT11).
Trophoblastic Cells Gene Expression
The expression of early trophoblastic markers (CDX2 and ELF5) and pregnancy-related genes (IFNT produced by MNC, and PAG1, PRP1, and CSH1 produced by BNC) was analyzed in six trophoblastic cell lines at different passages. Lines BBT10, 11, and 12 were analyzed at early passage (p3), and at medium passage (p20); and lines BBT1, 7, and 9 were analyzed at medium passage (p30) and at late passage (p75) (Fig. 5) . A wide range of gene expression patterns was observed among the cell lines, and gene expression also varied with time in culture.
Pluripotency-related genes-POU class 5 Homeobox 1 (POU5F1), Cadherin 1 (CDH1), Telomerase RNA Component (TERC), Telomerase Reverse Transcriptase (TERT), and Fibroblast Growth Factor 4 (FGF4)-were also analyzed at the same passages in six trophoblastic cell lines (Fig. 6 ). In the same way, different expression patterns were found that varied with time in culture.
DISCUSSION
In this manuscript, we describe an efficient method to obtain a trophoblastic cell line from a single bovine embryo or from an embryo biopsy. Using amplified DNA from embryo biopsies for genotyping has many technical limitations such as reduced genome coverage, allele drop-out at heterozygous loci, missing genotypes, amplification of artifacts, or allele drop-in [2] . Likewise, little is known about preimplantation embryo epigenetics due to the technical limitations derived from analyzing limited sample amounts. Our procedure for in vitro trophoblastic cell expansion represents a suitable new method to produce sufficient amount of genomic DNA for the analysis of multiple production traits with economic interest, overcoming the drawbacks of DNA preamplification. In the same way, our system would allow the analysis of the epigenetic profile of preimplantation embryos in order to correlate genome-wide epigenetic characteristics of TE biop- 
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sies with epigenetic alterations that could have a short-term effect in implantation and fetal development or a long-term effect during adulthood. Although additional time is required for the culture step in our system, it is an easy and reliable system, and we estimate that in 10 days we can increase the cell number up to 30 000, making it a reliable approach to obtain abundant genomic DNA. In addition, few trophoblastic cell lines have been derived in cattle due to the difficulties found during the long-term culture, so the establishment of different trophoblastic cells lines provides a valuable tool to explore peri-implantation and placentation processes in ruminants.
Regarding our methodology, our IVF results showed an average blastocyst yield of around 29.0% between Days 7 and 10, being within the average range of in vitro bovine embryo production [25] . Our hatching rate of 54.3% on Day 10 with the largest proportion of hatched blastocysts occurring on Days 8 and 9 is also consistent with previously reported data for good quality embryos [30, 31] . Embryo biopsy is a reliable technique as previous reports attained survival rates of 90% 24 h after embryo biopsy using microsection of an embryo on Day 7 [32, 33] . Survival rate and embryonic development after the biopsy were identical between embryos produced in vitro or in vivo [33] . We achieved a survival rate of 82.2% of biopsied embryos, confirming that the chosen state (hatched blastocysts on Days 8-10) and quality of the embryos was adequate. Even though the site of the biopsy has been shown to directly affect the quality of the embryos in terms of survival [32] , our method did not damage the embryo even when 40% of the total cells were biopsied because the biopsy was always performed at the opposing pole of the ICM.
Regarding bovine trophoblastic cell lines, a very limited number have been reported so far. Shimada et al. [11] started from more than 50 blastocysts, and within a week only a small proportion attached and began to spread out, while the majority neither attached nor grew. They finally obtained only one trophoblastic cell line in the absence of feeder cells using bovine endometrial fibroblast-conditioned medium. The relevance of our work lies in the possibility of establishing a trophoblastic cell line from each embryo, with 100% efficiency in Cm. Previous attempts to culture biopsied cells from bovine blastocysts were reported by Le Bourhis et al. [34] and by Gamarra et al. [35] . However, none of the biopsied cells attached to the coated dishes, probably because they had a very low number of cells (from 5 to 10), large culture surfaces were used (4-well culture dishes), or the media used was not adequate. We found that a rapid adhesion of biopsied trophoblastic cells is a limiting factor. This step was greatly enhanced when using 10 ll droplets on previously gelatincoated surfaces under mineral oil. In the case of biopsies, adhesion began only 48 h after initiating the culture (Fig. 2c) , and conditioned media from MEFs supported the growth of 78% of TE biopsies. Once cell confluence was reached in microdrops ('3000 cells) at 7-10 days, we were able to reexpand these cultures to P96 plates. From all the initiated trophoblastic cell cultures, 57% reached cell confluence ('30 000 cells) in P96 reexpansions. The reduction in the efficiency in trophoblastic cell lines establishment starting from biopsies (57%) compared with the 100% proliferation in the case of complete embryo culture could be explained by the reduction in the number of starting cells [36] .
We supplemented all the media with EGF because earlier studies demonstrated its positive effect on proliferation of trophoblastic cells [19] . In a recent study, Suzuki et al. [37] used BMP4 to raise trophoblastic cell lines because exogenous BMP4 stimulated embryonic stem cells to become trophoblastic cells [38] , but no significant differences were found between untreated and BMP4-treated groups regarding derivation efficiency.
Most of the studies that aim to investigate the in vitro process of placentation have been performed with cell lines established by cocultivation with mouse feeder layers [10, 39, 40] . In our study, cell lines were established from mouse fibroblast conditioned media, in the absence of feeder layer, eliminating the risk of contamination of the extracted genomic DNA. Endoderm outgrowths have also been shown to frequently contaminate the primary trophoblastic cell cultures [10, 39] as well as some condensed and dark cell clumps resembling the ICM [37] . Our methodology avoids contamination by other cell types because only trophoblastic cells are included in the TE biopsy.
The media conditioned from BOECs (Co), BEFs (Cb), as well as control media (C) allowed the establishment of cell 
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lines although the initial growth from the biopsy was significantly lower than in the case of media conditioned by MEFs (Cm). Therefore Cm is an optimal medium for rapid adhesion and bovine trophoblastic cell growth.
The morphological features and in vitro behavior of the different bovine trophoblastic cell lines that we have established are consistent with those described by Shimada et al. [11] . We observed that trophoblastic cell lines in continuous culture formed domelike structures that maturated into vesicles, which spontaneously dissociated from the colony forming spheroids that floated freely in the medium. In vivo, trophoblastic BNCs are present at the beginning of implantation and throughout pregnancy, representing about 20% of trophoblastic cells [41] . However, it has been described that the availability of BNCs in vitro is limited (2%-3%) [4] and that their secretory activity cease within several days in culture [42] . In contrast, in our culture conditions, a higher proportion of BNC appeared. The expression of PRP1, CSH2, and PAG1 confirms the existence of BNCs in our trophoblastic cell lines, and the expression of these BNC-specific genes was maintained after more than 80 passages. Thus, our culture system of individual biopsy-derived trophoblast cell lines can serve as a model for the investigation of placental development and the differentiation of the bovine embryo in vitro.
The different trophoblastic cell lines established showed diverse gene expression profiles of early trophoblastic markers (CDX2, ELF5), MNCs (IFNT), and BNCs (PAG1, PRP1, and CSH2) that varied with time in culture. Differences in gene expression patterns could be due to the variability among the starting embryos because gene expression in early passages varied among trophoblastic cell lines coming from the same culture conditions; but the differences could also be due to time in culture because variations were observed in the course of the passages, indicating that these cells lines are dynamic populations.
Among the genes studied, CDX2 first specifies the trophoblast versus the ICM cell fate [43] and is a core regulator of multiple trophoblast genes in bovine trophoblastic cell line CT-1 [18] . In fact, we could observe CDX2 expression in all trophoblastic cell lines at different time points. ELF5 transcription factor is detected in bovine blastocysts at the ovoid stage, peaking at Day 12 [43] and decreasing during the elongation process [44] . In our study, ELF5 was expressed in every trophoblastic cell line, mostly from passage 20 onward. Its expression was also described in CT-1 cell line, which was compared to the ovoid trophoblast stage [18] .
Expression of interferon-t (IFNT), placental lactogen (CSH2), prolactin-related protein 1 (PRP1), and pregnancyassociated glycoprotein 1 (PAG1) is necessary for pregnancy establishment in cattle. The transcription of these genes is regulated in a temporal and spatial manner by not completely elucidated molecular mechanisms. IFNT is expressed from the time of formation of the TE in the early blastocyst until its attachment to the maternal uterus after Day 19 of pregnancy in cattle [45] . Different factors have been shown to influence IFNT expression. Long-term in vitro culture of blastocyst or trophoblastic cell lines has been negatively correlated with IFNT secretion [46] , although in our trophoblastic cell lines, IFNT expression was detected up to passage 75. Sexual dimorphism affects IFNT expression as well because female blastocysts have been shown to produce twice as much IFNT as male blastocysts [47] , but we could not find any correlation among sex and IFNT expression in our trophoblastic cell lines.
The coexpression of early and late trophoblastic markers would make it difficult to associate our trophoblastic cell lines to a specific gestational stage. However, the fact that trophoblastic cell lines express simultaneously early and late trophoblast specific-markers has been previously described [40] .
It has been suggested that bovine trophoblastic cells are not terminal cells and present some stem cell features [40] . Therefore, we assessed pluripotency-related gene expression. Telomerase is the enzymatic complex responsible of adding telomeric repeats to the ends of chromosomes. Its expression is silenced in adult somatic tissues with the exception of adult stem cell compartments [48] . The core telomerase components are the telomerase reverse transcriptase (TERT) and the telomerase RNA (TERC) [49] . Acquisition of indefinite selfrenewal capacity in reprogrammed cells is accompanied by induction of TERT and TERC genes, which is considered a hallmark of the pluripotent state [50, 51] . In our study, TERC and TERT expression was observed in almost all trophoblastic cell lines generated, which could be an indicator of selfrenewal capacity.
POU5F1 expression is rapidly down-regulated in the TE during the blastocyst stage in mouse [52] . In contrast, in bovine, POU5F1 expression is maintained through the ovoidstage TE [53] and may play a role in maintaining TE cells in a differentiation-delayed state [43] . POU5F1 expression has been reported in CT-1 trophoblastic cell line [18] and in other trophoblastic cell lines generated afterward, although cells expressing POU5F1 were rare (only about 4% [40] ). In our study, POU5F1 expression was detected in some trophoblastic cell lines, mainly at medium and late passages, which could be an indicator of cell line immortalization.
In recent years, E-cadherin (CDH1) has been shown to regulate pluripotent and self-renewal signaling pathways in stem cells. Loss of E-cadherin is associated with embryonic stem cell differentiation and its expression enhances induced pluripotent stem cell derivation [54] . CDH1 was expressed in BBT1, BBT5, and BBT9 cell lines. In addition, FGF4, produced by the ICM and to a lesser extent by TE in ruminants [55] , an inductive signal for TE elongation in porcine embryos [56] , and an essential factor for mouse TE stem cells proliferation in an undifferentiated state [57] , was expressed in BBT11 and BBT12 cell lines, although expression was lost with time in culture. Thus, the expression of different pluripotency-related genes, together with long-term steady cell proliferation, indicates certain self-renewal capacity of the trophoblastic cell lines generated in this study.
